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ABSTRACT
Evidence is mounting that a significant fraction of the early-type galaxy population contains
substantial reservoirs of cold interstellar gas and dust. We investigate the gas and dust in
NGC 5485, an early-type galaxy with a prominent minor-axis dust lane. Using new Her-
schel PACS and SPIRE imaging data, we detect 3.8 × 106 M of cool interstellar dust in
NGC 5485, which is in stark contrast with the non-detection of the galaxy in sensitive HI and
CO observations from the ATLAS3D consortium. The resulting gas-to-dust ratio upper limit is
Mgas/Md < 14.5, almost an order of magnitude lower than the canonical value for the Milky
Way. We scrutinize the reliability of the dust, atomic gas and molecular gas mass estimates,
but these do not show systematic uncertainties that can explain the extreme gas-to-dust ratio.
Also a warm or hot ionized gas medium does not offer an explanation. A possible scenario
could be that NGC 5485 merged with an SMC-type metal-poor galaxy with a substantial CO-
dark molecular gas component and that the bulk of atomic gas was lost during the interaction,
but it remains to be investigated whether such a scenario is possible.
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1 INTRODUCTION
Early-type galaxies (ETGs) are often considered as the final stage
of galaxy evolution, with virtually little or no cold interstellar
medium left. Recently, more and more evidence is appearing that
a substantial fraction of the ETGs do contain substantial reservoirs
of cold interstellar matter.
Systematic searches for atomic and molecular gas in ETGs
have yielded widely varying detection rates, corresponding to dif-
ferent selection criteria and sensitivity limits (e.g., Combes et al.
2007; Grossi et al. 2009; Oosterloo et al. 2010; Welch et al. 2010).
The most complete effort to make a census of cold interstellar gas
in ETGs in the Local Universe is the ATLAS3D project (Cappel-
lari et al. 2011), which targets a volume-limited sample of 260
? Herschel is an ESA space observatory with science instruments provided
by European-led Principal Investigator consortia and with important partic-
ipation from NASA.
ETGs. Molecular gas was detected in 22% of the galaxies in the
sample (Young et al. 2011), whereas the atomic gas detection rate
depended strongly on the environment, and increased from 10% in
the Virgo Cluster to 40% for field ETGs (Serra et al. 2012). The fre-
quently observed kinematic misalignments between stars and gas
suggests an external origin for the gas in many ETGs (e.g. Sage
& Galletta 1993; Kannappan & Fabricant 2001; Sarzi et al. 2006;
Young et al. 2008; Davis et al. 2011). Similarly, there is now plenty
of evidence for the presence of cold interstellar dust in a significant
fraction of the ETG population. Deep optical imaging surveys have
shown that many ETGs possess dust features in a variety of mor-
phological forms (Goudfrooij et al. 1994; van Dokkum & Franx
1995; Tran et al. 2001; Colbert et al. 2001; Ferrarese et al. 2006;
Kulkarni et al. 2014).
In a small fraction of the ETG population, the dust is organized
in prominent and large-scale dust lanes (Patil et al. 2007; Finkelman
et al. 2008, 2010b). These so-called dust-lane ETGs are considered
to be the remnants of recent minor mergers between ETGs and gas-
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Figure 1. SDSS g band, PACS 100 and 160 µm, and SPIRE 250 µm images
of NGC 5485. The field of view of each image is 2 × 2 arcmin2, and the
beam FWHM is indicated in the three Herschel images. In the optical image,
a shell-like feature is clearly visible some 20 arcsec towards the SE of the
nucleus, and its counterpart is detectable in the PACS images as well.
rich satellites (Hawarden et al. 1981; Kaviraj et al. 2012, 2013; Sha-
bala et al. 2012). Combining new ATCA observations and archival
data, Oosterloo et al. (2002) studied the HI properties of a sample
of 9 dust-lane ETGs. They found huge HI reservoirs in 6 galaxies,
with masses up to several times 109 M and HI-to-dust mass ratios
of more than 1000. On the other side of the spectrum, they did not
detect HI in the remaining 3 dust-lane ETGs, which implied un-
usually low HI-to-dust mass ratios, down to MHI/Md < 20. They
suggested that the cold interstellar medium should mainly be in
molecular rather than atomic form in these galaxies.
In this Letter we focus on NGC 5485, a dust-lane ETG at a
distance of 25.2 Mpc1 (Tonry et al. 2001; Cappellari et al. 2011).
It is home to a prominent dust lane, perpendicular to the photo-
metric major axis (Fig. 1, top left). Given the prominent dust lane,
one would expect NGC 5485 to contain a large cold interstellar
matter reservoir. The galaxy is detected by IRAS, with a corre-
sponding dust mass of about 106 M (Patil et al. 2007; Finkel-
man et al. 2010a). Similarly to a third of the dust-lane ETGs from
the Oosterloo et al. (2002) sample, NGC 5485 has a low HI con-
tent: in the frame of the ATLAS3D campaign, Serra et al. (2012)
observed the galaxy at 21 cm with the WSRT, but did not de-
tect it. The corresponding upper limit to the atomic gas mass is
MHI < 1.5 × 107 M. Surprisingly, also no molecular gas is de-
tected: Young et al. (2011) observed NGC 5485 in the CO(1-0) and
CO(2-1) lines with the IRAM 30m telescope, but did not detect it
in either line. The resulting upper limit on the molecular gas mass
is MH2 < 4.0× 107 M.
The combination of these gas and dust mass estimates results
in a cold gas-to-dust ratio lower than about 50. This value is prob-
ably still strongly overestimated, as IRAS was insensitive to cool
1 Throughout this Letter we use this distance for NGC 5485; all luminosi-
ties and masses are converted to be consistent with this value.
dust. In this Letter, we present new far-infrared and submm imag-
ing data for NGC 5485, taken with the PACS and SPIRE instru-
ments onboard the Herschel Space Observatory. In §2 we present
our observations and the resulting flux densities, and we combine
these new data with ancillary data to make a solid measurement of
the dust mass, and hence an accurate upper limit on the gas-to-dust
ratio. In §3 we discuss different scenarios to explain this gas-to-
dust ratio upper limit, including a potential overestimate of the dust
mass, and underestimate of the cold gas mass, and a number of pos-
sible alternative options. Finally, §4 summarizes our conclusions.
2 OBSERVATIONS AND DUST MASS DETERMINATION
NGC 5485 was observed with the Herschel Space Observatory (Pil-
bratt et al. 2010) in the frame of the Far-infraRed Investigation of
Early-type galaxies with Dust Lanes (FRIEDL) program. We used
the PACS (Poglitsch et al. 2010) and SPIRE (Griffin et al. 2010)
photometers in scan mode, both with their nominal scan speed, i.e.
20 arcsec/s for PACS and 30 arcsec/s for SPIRE. The size of the
map was chosen to be 8 × 8 arcmin2. For the PACS map, four
cross-scans (i.e. four nominal and four orthogonal scans) were per-
formed, while the SPIRE map was observed with a single cross-
scan. The data reduction was done with HIPE version 12.0.0 and
includes the same steps as in Verstappen et al. (2013). For the PACS
data, it includes the use of the Scanamorphos version 23 (Roussel
2013) in order to make optimal use of the redundancy in the obser-
vational data. Figure 1 shows the resulting Herschel maps at 100,
160 and 250 µm. At these wavelengths, the FWHM is 7, 11 and
18 arcsec respectively, and the dust emission from the galaxy is re-
solved along the direction of the dust lane. At 350 and 500 µm,
where the FWHM increases to 24 and 36 arcsec, the emission is
not resolved anymore.
Global flux densities were determined through aperture pho-
tometry using the DS9/Funtools program FUNCTS, following the
same strategy as described in detail by Verstappen et al. (2013). We
followed the approach of Dale et al. (2012) to determine the back-
ground level and uncertainty estimates. The Herschel flux densities
are 533± 44, 797± 52, 518± 46, 288± 33 and 108± 23 mJy at
100, 160, 250, 350 and 500 µm.
To determine the dust mass, we first used a simple modi-
fied blackbody model, with dust emissivity index β = 2 and
κν = 0.192 m2 kg−1 at 350 µm. These values correspond to what
is probably the most widely adopted physical dust model (Draine
2003; Draine & Li 2007), and they have been widely used to inter-
pret Herschel SEDs (e.g., Dale et al. 2012; Auld et al. 2013; Ver-
stappen et al. 2013; Hughes et al. 2014). Applying such a simple
modified blackbody fit to the PACS and SPIRE flux densities, we
find Td = 18.8± 0.4 K and Md = (3.79± 0.31)× 106 M.
Apart from a simple modified blackbody fit, we also used the
MAGPHYS code (da Cunha et al. 2008) to determine the dust
mass. MAGPHYS has been used extensively to model the panchro-
matic SEDs of galaxies (e.g., Smith et al. 2012a; Lanz et al. 2013;
Clemens et al. 2013; Viaene et al. 2014). We combined the Her-
schel PACS and SPIRE flux densities with optical ugriz flux den-
sities for NGC 5485 from SDSS, near-infrared JHKs flux densi-
ties from 2MASS, mid-infrared flux densities from WISE, and far-
infrared flux densities at 60 and 100 µm from IRAS. The result of
the MAGPHYS fit can be found in Figure 2. The most important
property for our goals is the total dust mass, for which we found
Md = (3.81
+0.80
−0.64) × 106 M, completely consistent with the
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Figure 2.A MAGPHYS fit to the UV-submm spectral energy distribution of
NGC 5485. The top panel shows the SED, where the red stars represent the
SDSS, 2MASS, WISE, IRAS and Herschel data points, the blue solid line is
the intrinsic stellar SED, and the solid black line is the model SED including
dust extinction and emission. The bottom panel shows the residuals between
the data and the model. The χ2 value is dominated by the IRAS 100 µm
flux density, which is inconsistent with the PACS 100 µm flux density.
value obtained from our modified blackbody fit (we adopted the
same dust model).
3 DISCUSSION
Combining the dust mass resulting from the Herschel flux densi-
ties with the molecular and atomic gas measurements discussed
in §1, we find a cold gas-to-dust upper limit Mgas/Md < 14.5.
Such an gas-to-dust ratio is extremely low – typical values range
from several thousands for low-metallicity dwarf galaxies to about
100 for solar metallicity galaxies (e.g., Mun˜oz-Mateos et al. 2009;
Galametz et al. 2011; Magrini et al. 2011; Re´my-Ruyer et al. 2014).
One possible explanation for the extreme gas-to-dust ratio up-
per limit for NGC 5485 is that the dust mass as determined from the
Herschel flux densities is overestimated. There are several possible
systematic effects that we should investigate in some detail.
A first observation is that the new dust mass we have derived
is a factor 3 to 4 larger than the IRAS-based dust masses of Patil
et al. (2007) and Finkelman et al. (2010a). And these dust masses
are themselves more than an order higher than the dust masses the
same authors derived using extinction in optical images, for which
they found several times 104 M. However, we are convinced that
our new dust mass based on Herschel FIR/submm data is more reli-
able than those based on IRAS and optical extinction. IRAS-based
dust masses are most certainly an underestimate of the true dust
mass, since IRAS is insensitive to cool dust at temperature below
about 25 K (e.g., Goudfrooij & de Jong 1995; Tsai & Mathews
1996). Herschel observations have decisively shown that the typ-
ical cold dust temperature in ETGs is around 20 K (Smith et al.
2012b; Rowlands et al. 2012; di Serego Alighieri et al. 2013). For
NGC 5485, we find an effective dust temperature of 19 K, which in-
deed indicates that IRAS missed the bulk of the dust. On the other
hand, inferring the amount of dust from optical extinction maps is
complicated due to the complexity of the star-dust geometry and
the effects of scattering (e.g., Witt et al. 1992; Baes & Dejonghe
2001). In dust-lane ETGs, dust mass estimates based on simple ex-
tinction recipes applied to optical images can underestimate the true
dust mass by an order of magnitude or more (Goudfrooij & de Jong
1995; Patil et al. 2007; Finkelman et al. 2008, 2010b).
We should also critically consider the possibility that the ob-
served Herschel flux densities are overestimated. NGC 5485 has a
galactic latitude of 59◦, so there are no foreground subtraction is-
sues due to strong cirrus that have plagued some other Herschel ex-
tragalactic observations (e.g., Davies et al. 2010; Fritz et al. 2012).
In optical and NIR images, NGC 5485 seems to have a shell-like
structure some 20 arcsec towards to SE of the nucleus (see left
panel of Figure 1). This feature has a clear counterpart in the PACS
maps, and could be an edge-on background galaxy rather than a
feature linked to NGC 5485 itself. In any case, the contribution of
this source to the Herschel flux densities of NGC 5485 is marginal.
In the PACS 100 µm map, where the resolution is sufficient to sep-
arate this feature from the dust emission in the dust lane, we find
that it contributes no more than 10% to the total flux density.
Finally, a last aspect to take into consideration is that we mod-
eled the FIR/submm emission as a single modified blackbody at a
single temperature, whereas in reality, the FIR/submm emission re-
sults from a complicated weighted sum of modified blackbodies at
a range of temperatures. This is a systematic effect that we cannot
avoid due to our lack of resolution. However, the total dust mass
is typically underestimated when it is based on the integrated SED
(Galliano et al. 2011; Galametz et al. 2012), so it does not help to
explain the low gas-to-dust ratio.
On the other hand, the low gas-to-dust ratio might be the re-
sult of a systematic underestimate of the gas mass. In any case,
there does not seem to be any reason to doubt the reliability of
the HI and CO upper limits of Serra et al. (2012) and Young et al.
(2011), respectively. The noise levels obtained in both observation
campaigns, with the WSRT and IRAM 30m telescope respectively,
are almost exactly the median value of the entire ATLAS3D study.
One source of uncertainty on the derivation of the molecular gas
mass upper limit is the conversion factor needed to convert CO(1-
0) intensities to the H2 masses, the so-calledXCO factor. This factor
has been the subject of a substantial debate in the recent literature
(e.g., Strong & Mattox 1996; Israel 1997; Leroy et al. 2011; Smith
et al. 2012c; Sandstrom et al. 2013). The authoritative review by
Bolatto et al. (2013) suggests the value XCO = 2 × 1020 cm−2
(K km s−1)−1 for the Milky Way and other ”normal galaxies”. In
their determination of the upper limit for NGC 5485, Young et al.
(2011) used XCO = 3× 1020 cm−2 (K km s−1)−1, i.e. 50% larger
than the standard value suggested by Bolatto et al. (2013). Using
the standard value would decrease the molecular gas mass upper
limit by factor 1.5, and it would decrease the gas-to-dust ratio up-
per limit by a factor 1.32 to Mgas/Md < 11.
In principle, most of the gas in NGC 5485 could be ionized
rather than neutral. An interesting comparison case here is the
study of the elliptical galaxy NGC 4125 by Wilson et al. (2013).
Combining Herschel-based dust estimates with HI and CO non-
detections, they also found a similar cold gas-to-dust ratio upper
limit as we obtain here. However, based on a [NII]/[CII] ratio con-
sistent with a low-density ionized medium and the (crude) assump-
tion that the ionized gas is distributed uniformly over a 4.2 kpc
diameter sphere, Wilson et al. (2013) argued that a significant frac-
tion of the gas in NGC 4125 is warm ionized rather than cold neu-
tral gas. For NGC 5485, this option seems excluded, though. The
galaxy was imaged in Hα by Finkelman et al. (2010a). They de-
tected an inclined disc of ionized gas that nicely follows the mor-
phology of the dust lane, which seems to support that at least
part of the dust might be associated with warm ionized gas. The
total amount of ionized hydrogen gas traced in the Hα map is
MHII = (2.0 ± 0.6) × 104 M, far too little to be a significant
contributor to the total gas budget. Finkelman et al. (2010a) even
warn that their HII masses are likely overestimated by a factor 2-3
due to confusion of the Hα and [NII] lines. On the other hand, Hα
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photons are subject to dust attenuation in the dust lane, which could
cause the HII mass in NGC 5485 to be underestimated. However,
in order to bring the HII mass to the level required for a typical gas-
to-dust ratio of about 100, unrealistically high attenuation values
AV  10 are needed (Calzetti et al. 1994).
Alternatively, a major part of the gas budget in NGC 5484
could be in the form of hot X-ray emitting ionized gas. While
dust grains are expected to be destroyed through sputtering by
thermal collisions with energetic ions, the coexistence of dust and
a hot X-ray gas is not completely impossible (e.g., Temi et al.
2003; Kaneda et al. 2007; Leeuw et al. 2008). NGC 5485, how-
ever, was not detected in the ROSAT all-sky survey: Beuing et al.
(1999) quote an upper limit of LX < 1039.8 erg s−1. If we in-
sert the K-band luminosity LK = 5.65 × 1010 L into the latest
calibration between the K-band luminosity of ETGs and the ex-
pected unresolved X-ray emission due to low-mass X-ray binaries
(LMXBs) by Boroson et al. (2011), we find exactly the same num-
ber, LX,LXMB = 1039.8 erg s−1. This implies that any X-ray emis-
sion from NGC 5485 most probably originates from LMXBs rather
than from hot ionized gas. Moreover, the fact that the dust is dis-
tributed in a well-defined dust lane makes a physical association
with a potential hot diffuse halo rather unlikely, although it is not
impossible that a fraction of the dust is distributed diffusely over
the galaxy (Goudfrooij & de Jong 1995).
A final, more exotic, option could be that NGC 5485 contains
a reservoir of molecular gas, but that this gas is not emitting CO line
emission. Both diffuse γ-ray emission (Grenier et al. 2005; Abdo
et al. 2010; Ackermann et al. 2012) and combined gas and dust
observations (Planck Collaboration XIX 2011; Paradis et al. 2012)
have revealed the presence of a substantial amount of so-called dark
gas in our own Milky Way. The presence of CO-dark gas has been
found many years ago in low-metallicity dwarf galaxies. At low
metallicities, most of the carbon is locked up in neutral or singly
ionized carbon rather than CO, which makes [CII] a more reliable
tracer the cold H2 reservoir (Stacey et al. 1991, 2010; Madden et al.
1997, 2013). As a relatively massive lenticular galaxy, NGC 5485
is not expected to contain copious amounts of CO-dark gas. Be-
ing a dust-lane ETG, however, it has most probably acquired most
of its dust and gas during a recent minor merger (Kaviraj et al.
2012). The recent merger scenario is also supported by its rather
exceptional kinematical structure, which shows strong minor-axis
rotation (Wagner et al. 1988; Krajnovic´ et al. 2011; Emsellem et al.
2011).
In principle, it is possible that it has accreted a dwarf galaxy
with a substantial CO-dark molecular gas reservoir. An appropriate
example of such a dwarf galaxy would be the SMC, which contains
a dust mass of 3× 105 M, but hardly any CO-emitting molecular
gas (Mizuno et al. 2001; Leroy et al. 2007, 2011). It does, however,
contain about 4× 108 M of HI gas (Stanimirovic et al. 1999; Bo-
latto et al. 2011), so if a minor merger with an SMC-type galaxy
would be the origin of the dust lane in NGC 5485, somehow a large
fraction of this atomic gas should have been lost during the merger
event. Atomic gas is generally more loosely bound than molecu-
lar gas, so it could be more easily be stripped during interactions
(but it would probably still be visible as a tidal tail). Another argu-
ment against such a scenario is that the gas-to-dust ratios of low-
metallicity dwarf galaxies are typically up to an order of magnitude
higher than those of giant galaxies (Re´my-Ruyer et al. 2014), which
makes the apparently low gas-to-dust ratio in NGC 5485 even more
puzzling. Whether such a merging scenario is plausible or even pos-
sible, is a challenge that could be investigated using detailed merger
hydrodynamical simulations. Also deeper HI and CO observations,
sensitive enough to trace possible diffuse gas, would be useful to
unveil the nature of the ISM in this peculiar system.
4 CONCLUSIONS
We have discussed the interstellar dust and gas properties of the
dust-lane ETG NGC 5485. We present new Herschel PACS and
SPIRE imaging of NGC 5485, taken in the frame of the Far-
infraRed Investigation of Early-type galaxies with Dust Lanes
(FRIEDL) program. Using both standard modified blackbody
model fits and the MAGPHYS spectral energy distribution mod-
eling code, we obtain a dust mass Md = 3.8× 106 M. The com-
bination of the dust mass and HI and CO stringent upper limits,
obtained in the frame of the ATLAS3D survey, leads to an excep-
tionally low gas-to-dust ratio,Mgas/Md < 14.5, almost an order of
magnitude lower than the canonical value of the Milky Way.
We have investigated different possible explanations for this
extreme gas-to-dust ratio. We have critically checked the reliability
of the dust mass estimate, but neither the lack of spatial resolution
in the FIR/submm imaging, nor a possible contamination of back-
ground or companion sources affect the dust mass. Similarly, the
reliability of the cold gas mass is scrutinized. The main source of
uncertainty here is the notorious CO-to-H2 conversion factor, and
if we would assume the ”standard” value rather than the slightly
higher value adopted by the ATLAS3D consortium, the gas-to-dust
ratio upper limit would even by decreased to Mgas/Md < 11.0.
Finally, we investigate less obvious scenarios to explain the
lack of cold gas in NGC 5485. Based on Hα and X-ray observa-
tions, we can discard the possibility that the bulk of the gas is in
a warm of hot ionized medium. One possible option is the pres-
ence of a component of CO-dark molecular gas. In principle, the
extreme gas-to-dust ratio could be the result of a merger with an
SMC-type metal-poor dwarf galaxy, if a substantial fraction of the
HI could have been lost during the interaction, but it remains to be
investigated whether such a scenario is possible.
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